Differences in micronutrient status are reported to contribute to racial and ethnic differences in chronic diseases. Diseases related to vitamin K are reported to differ by race and ethnicity, but it is unclear if circulating vitamin K concentrations similarly differ. We examined racial and ethnic differences in serum phylloquionone (K1) in the Multiethnic Study of Atherosclerosis (MESA) (mean 6 SD age = 62 6 10 y; 52% female; 262 white, 180 African American, 169 Hispanic, 93
Introduction
Accumulating evidence indicates that low vitamin K status may be a risk factor for chronic diseases, such as cardiovascular disease (CVD) 7 , bone loss, and osteoarthritis, which are reported to vary by race and ethnicity (1) (2) (3) (4) (5) . Racial and ethnic differences in nutrient status are reported to account for some of the racial and ethnic variation in other health outcomes (6) (7) (8) , so it is possible that racial and ethnic differences in vitamin K status may partially account for the observed racial and ethnic differences in health outcomes related to vitamin K.
The primary form of vitamin K in the Western diet is phylloquionone (K1), which is found in green leafy vegetables and vegetable oils, and dietary K1 intake was reported to differ among racial and ethnic groups in NHANES (1999) (2000) (2001) (2002) (2003) (2004) (9) . Two small studies with modest numbers of participants suggested that biomarkers of vitamin K status differed among ethnicities (10, 11) ; however, these studies collected samples from individuals of different ethnic backgrounds residing in different countries. The majority of population-based studies of vitamin K status have been limited to Caucasians, a group in whom the prevalence of low vitamin K status is reported to be 25-33% (12) (13) (14) (15) (16) . We used data from the Multiethnic Study of Atherosclerosis (MESA), a large, population-based cohort comprised of white, African American, Chinese American, and Hispanic adults living in the US to determine if concentrations of serum K1 [the predominate form of vitamin K in circulation (17) ] differed by race and ethnicity. Understanding the vitamin K status of racial and ethnic groups in the population is important for the design and interpretation of targeted interventions focusing on health outcomes related to vitamin K.
Methods
The MESA study is a large, ongoing, observational study examining the prevalence and determinants of subclinical CVD in a multi-ethnic cohort that began in [2000] [2001] [2002] . The MESA cohort (n = 6814) was recruited from 6 U.S. communities, including: Forsyth County, NC; northern Manhattan and the Bronx, NY; Baltimore County, MD; St. Paul, MN; Chicago and Maywood, IL; and Los Angeles County, CA. The cohort is 38% non-Hispanic white, 28% African American, 22% Hispanic, and 12% Chinese American, all of whom were free of clinically diagnosed CVD at baseline. The study design and methods of MESA have been described in detail (18) . MESA was approved the Institutional Review Boards at all 6 study sites (Wake Forest University, Columbia University, John Hopkins University, University of Minnesota, Northwestern University, University of California at Los Angeles) and this substudy was additionally approved by the Institutional Review Boards at Wake Forest University and Tufts University. All participants gave written informed consent.
A randomly chosen subgroup of 780 MESA participants who were not taking warfarin (a vitamin K antagonist) had serum K1 measured from samples obtained at the baseline visit. These participants did not differ from the 6034 participants who did not have serum K1 measured in age, sex, race and ethnicity, BMI, TG, total cholesterol, K1 intake, education, income, season (of blood draw), study site, and smoking status (all P . 0.14). Among the participants whose serum K1 was measured, information on dietary intake and demographic and clinical covariates was available for 704 and they participated in the present analysis [262 white, 180 African American, 169 Hispanic, and 93 Chinese American]. The 76 participants excluded due to missing data more likely to smoke (P = 0.001) and more likely to be African American (n = 55; P , 0.001) compared with the 704 who were included. Otherwise, the 2 groups were similar. Serum K1. At the baseline MESA examination, fasting serum was collected and frozen at 2708C. Serum K1 was measured in thawed samples using reversed-phase HPLC with post-column, solid phase chemical reduction of K1 to its hydroquinone followed by fluorometric detection (19) at the Vitamin K Laboratory at the USDA Human Nutrition Research Center on Aging at Tufts University, where this assay was developed. This laboratory currently participates in the vitamin K external quality assurance scheme (20) . The lower limit of detection (LLD) for circulating K1 using this assay with the available sample volume was 0.1 nmol/L; samples with K1 concentrations ,0.1 nmol/L were entered as 0.05 nmol/L (19, 21, 22) . Low and high control specimens had average values of 0.56 and 3.15 nmol/L, with a total (intra-and inter-assay) percent CV of 15.2 and 10.9%, respectively (21) .
Race or ethnicity were self-reported as white, Chinese American, African American, or Hispanic.
Dietary intake. At the baseline visit, participants' dietary intake over the previous 12 mo was assessed using a modified 120-item Block FFQ. The MESA FFQ was patterned after the FFQ used in the Insulin Resistance Atherosclerosis Study, which was validated in non-Hispanic white, non-Hispanic black, and Hispanic individuals (23) . It was modified to also include unique Chinese foods and culinary practices to accommodate the MESA participant population, as previously described (24, 25) . The Nutrition Data Systems for Research database (Nutrition Coordinating Center University of Minnesota) was used to estimate dietary K1 intake by multiplying the number of servings of a particular food times the K1 content per serving size of that food (26) . A similar strategy was used to estimate total energy intake.
Covariates. Height and weight were measured without shoes and BMI was calculated as weight in kg/(height in meters) 2 . Total cholesterol and TG were measured from fasting serum samples as described (1) . Medical history, smoking history, and demographic information were collected using standardized questionnaires.
Statistical analyses. Racial and ethnic differences in participant characteristics were determined using ANOVA (continuous outcomes) or chi-square analyses (categorical outcomes). Education was categorized as less than high school, high school graduate, or college graduate. To reduce skewness, serum K1, K1 intake, and TG were transformed by taking the natural-log (ln). Because 25% of participants had serum K1 ,0.1 nmol/L [the LLD for this assay (19) ], the (ln)transformed distributions were bimodal ( Fig. 1) . Therefore, our analytical approach was 2-fold (1): logistic regression was used to determine the OR (95% 95% CI) for having serum K1 ,0.1 nmol/L (below the LLD) in African Americans, Hispanics, and Chinese Americans compared with whites. Whites were chosen as the reference group, because they provided the largest sample size and therefore the mean outcome measures for that group were estimated with greater precision (2): we determined the OR (95% CI) for having serum K1 lower than the median among participants with detectable K1 (1.4 nmol/L) in African Americans, Hispanics, and Chinese Americans compared with whites. Racial and ethnic differences in continuous measures of serum K1 were also examined using general linear models. Analysis of serum K1 was adjusted for age, sex, BMI, smoking status, total cholesterol, education, season, study site, and K1 intake. Because serum K1 was natural logtransformed, geometric means were calculated for each racial and ethnic group by back-transforming the unadjusted and adjusted means. SE of the geometric means were estimated using the delta method {SE geometric mean = square root [(geometric mean) 2 3 (SEM of lntransformed outcome) 2 ]}. The correlation between (ln) serum K1 and (ln) K1 intakes was calculated using Spearman correlation coefficients adjusted for TG and energy intake. Because McKeown et al. (27) reported the linear relationship between circulating K1 and K1 intake reached a plateau at intakes of 200 mg/d, we subsequently determined the correlations among participants with detectable serum K1 who reported intakes of #200 mg/d. Stepwise logistic and linear models were used to determine the percent variability of circulating K1 that is attributable to race and ethnicity, with a P , 0.15 specified for model inclusion. The following variables, chosen based on biological plausibility and a similar analysis of circulating K1 in the Framingham Offspring Study (28), were entered: TG, race (Chinese American, Hispanic, African American), total cholesterol, BMI, age, sex, education, lipid-lowering medication use (yes/no), current smoker (yes/no), study site, and season. All analyses were carried out using SAS v 9.1 and were considered significant when P , 0.05.
Results
The overall age of participants was 62 6 10 y (mean 6 SD). The mean BMI among Chinese Americans was in the normal range by U.S. standards, whereas the mean BMI among whites, African Americans, and Hispanics would be considered overweight. Hispanics had the highest mean TG and total cholesterol concentrations compared with the other 3 racial and ethnic groups. Education differed significantly according to race and ethnicity, with over one-half of white participants reporting graduating from college, which was higher than the other groups ( Table 1) .
The prevalence of serum K1 ,0.1 nmol/L was 24% in whites, 29% in African Americans, 33% in Hispanics, and 4% in Chinese American (Fig. 1 ). In fully adjusted analysis, Chinese American had 0.23-fold lower odds of having serum K1 ,0.1 nmol/L than whites, whereas the odds for African Americans and Hispanics did not differ from whites ( Table 2) . Among participants with detectable serum K1, Chinese American and African Americans were significantly less likely than whites to have serum K1 below the median level (1.4 nmol/L) in adjusted models ( Table 2) .
Energy-adjusted K1 intakes were significantly lower among Hispanics compared with the 3 other racial and ethnic groups ( Table 1 ) and these differences persisted following adjustment for education, age, sex, BMI, current smoker, season, and study site. Among participants with detectable serum K1, Chinese Americans had higher concentrations compared with whites, African Americans, and Hispanics. Serum K1 remained significantly higher among Chinese Americans compared with whites, African Americans, and Hispanics after adjustment for TG ( Table 1 ). The racial and ethnic differences were similar after further adjustment for K1 intake, education, age, sex, BMI, cholesterol, lipid-lowering medication use, current smoking, season, and study site.
The energy-adjusted K1 intake of participants with serum K1 ,0.1 nmol/L was 80 6 4 mg/d (geometric mean 6 SEM), less than among participants with detectable serum K1, 102 6 3 mg/d (P , 0.01). Overall among participants with detectable serum K1, (ln) serum K1 positively correlated with (ln) K1 intake (r = 0.20; P , 0.001 adjusted for TG and energy intake). However, the correlation between serum K1 and K1 intake was not significant among African Americans (r = 0.04; P = 0.64), Hispanics (r = 0.14; P = 0.13), and Chinese Americans (r = 0.01; P = 0.90) but was significant in whites (r = 0.21; P = 0.003). When participants who reported dietary K1 intake .200 mg/d were excluded (n = 104), the correlations between (ln) serum K1 and (ln) K1 intake were not appreciably changed (white: n = 158, r = 0.23, P = 0.004; African American: n = 92, r = 0.03, P = 0.78; Hispanic: n = 96, r = 0.18, P = 0.07; Chinese American: n = 73, r = 0.14, P = 0.23).
Using stepwise linear regression of participants with detectable serum K1, Chinese Americans and African American race and ethnicity and TG were significant predictors of serum K1 ( Table 3) , which along with K1 intake and BMI explained 21% of the variability in serum K1 in this group. When the outcome of having serum K1 less than the LLD (considered dichotomously) was similarly analyzed, only 10% of the variability in the outcome was explained by the included predictors. In this analysis, Chinese American ethnicity, TG, K1 intake, total cholesterol, lipid-lowering medication use, season, and study site were identified as significant predictors of serum K1.
Discussion
The overall distributions of serum K1 were right-skewed and did not normalize following a log transformation, unlike other nutrient biomarkers, which are normalized by such transformation (29, 30) . Upon inspection, the basis appeared to be the strong bimodal distribution of serum K1 and the large proportion of persons (25%) with concentrations ,0.1 nmol/L (the LLD for this assay), which has been used to measure circulating K1 in other population-based studies (13, 21) . Although participants with ,0.1 nmol/L circulating K1 reported consuming slightly less dietary K1 (80 vs. 103 mg/d), it is unlikely that this observed difference in intake fully accounted for having circulating K1 ,0.1 nmol/L for 2 reasons. Outcomes of dietary depletion-repletion studies found step-wise repletion using up to 450 mg/d K1 did not increase circulating K1 concentrations to within the normal range for adults (31) . Results of our stepwise models found self-reported K1 intake explained 0.8% of the variability of having ,0.1 nmol/L of serum K1. Overall, we only accounted for 10% of the variability in having serum K1 ,0.1 nmol/L, suggesting much of the variability in circulating K1 remains to be explained. Because evidence from warfarin studies suggests genetic factors may be important (32) , future research using multiple cohorts (to obtain sufficient statistical power to detect genetic associations) may clarify the genetic contribution to vitamin K status, hence its role in chronic diseases.
Chinese American participants were less likely to have serum K1 concentrations lower than the LLD. Similar results were seen among participants with detectable serum K1; Chinese American participants were significantly less likely to have concentrations less than the median (1.4 nmol/L) compared with the other racial and ethnic groups. Likewise, Chinese American participants had higher serum K1 when analyzed as a continuous outcome in those with detectable concentrations, and African Americans had higher concentrations than whites or Hispanics. The higher circulating K1 concentration we observed in Chinese Americans is consistent with 2 previous small studies that compared circulating K1 across racial and ethnic groups from different countries. Postmenopausal Chinese women had higher plasma K1 compared with Caucasian women from Great Britain and Gambian women (10), and older adults from China had higher plasma K1 compared with those from Great Britain (11) . One possible explanation for this difference was a 2-fold higher K1 intake among those in China compared with those in Great Britain [geometric mean (95% CI) intakes: 247 (226, 270) vs. 103 (94, 112) mg/d) (11) . The self-reported K1 intake among Chinese American participants in MESA was significantly higher than that of Hispanics, but it did not significantly differ from whites or African Americans in MESA, yet the Chinese Americans had higher circulating concentrations compared with all racial and ethnic groups. In addition, our primary analysis included adjustment for intake, together suggesting that differ-ences in self-reported dietary intakes did not entirely explain the differences in circulating K1 concentrations among racial and ethnic groups.
We explored the determinants of serum K1 in MESA following a stepwise approach that included race and ethnicity as a potential predictor, because previous similar analyses were racially homogeneous (28) . Race and ethnicity (Chinese American and African American) accounted 3-9% of the variability, suggesting it should be considered in future population-based studies of vitamin K status, especially in cohorts that include persons of Chinese American descent. Of interest, MESA participants from Minnesota were more likely to have low circulating K1 compared with most of the other sites. No other studies to our knowledge have reported on regional differences in serum K1 in the US. Forty-three percent of participants from Minnesota were Hispanic and the remainder were white. When we excluded Minnesota participants (n = 121) from this analysis, Hispanic ethnicity became significantly associated with having serum K1 ,0.1 nmol/L [OR(95% CI): 3.72(1.79-5.43)], whereas site no longer met the P , 0.15 model inclusion criteria. It is plausible this regional difference we detected is a reflection of Hispanics and whites having lower serum K1.
Circulating K1 and K1 intake were modestly correlated among white MESA participants but were not correlated within the other racial and ethnic groups. This may be due to one or a combination of the following. The MESA FFQ has been validated for macronutrient intake (22) but not specifically for vitamin K intake. It may lack the sensitivity to quantify K1 intake precisely enough to correlate with serum measures. The correlations between serum measures and intakes differ by race and ethnicity because of dietary pattern differences. Even though the FFQ was modified to include foods more commonly consumed by the racial and ethnic groups in MESA (23, 24) , it is plausible the FFQ did not sufficiently query specific foods that contribute to vitamin K status in racial and ethnic groups. Serum K1 reflects intakes over the previous 12 h, whereas the FFQ 2 Based on logistic regression chi-square statistic. 3 For serum K1 using this HPLC assay (19) . 4 Adjusted for serum TG and K1 intake. 5 Adjusted for serum TG, K1 intake, education, age, sex, BMI, smoking status, total cholesterol, site, season, and lipid-lowering medication use. queries usual intakes over the previous year. Hence, FFQestimated intakes may not necessarily be reflected by serum measures from one time point. Racial and ethnic differences in circulating K1 may be related to genetic factors that influence absorption, storage, and/or metabolism of vitamin K. Indirect evidence that vitamin K metabolism differs by race and ethnicity is provided by population-based studies of oral anticoagulant stability in response to the vitamin K antagonist, warfarin. Asian Americans are reported to require a lower warfarin dose to maintain coagulation within therapeutic range, which suggests that the enzyme required for recycling of vitamin K is more sensitive to warfarin disruption. In addition to warfarin sensitivity, disease conditions related to vitamin K differ according to racial and ethnic groups (1) (2) (3) (4) (5) . For example, Chinese American participants in MESA who had higher serum K1 were found to be at lower risk for coronary calcium progression compared with other racial and ethnic groups (5) . It is uncertain if circulating vitamin K concentrations are implicated in racial and ethnic differences in warfarin response and disease conditions for which a role of vitamin K is reported (12, (14) (15) (16) .
Although biomarker-based estimates are not without shortfalls, they are strengthened by their ability to reflect nutrient absorption and metabolism (which may be affected by nondietary factors) and are not susceptible to the biases inherent to dietary intake questionnaires (33, 34) . The intra-individual variability for circulating K1 is high and because serum K1 was measured at one time point, it may not accurately reflect long-term status (35) . However, it is an acceptable measure for ranking individuals across a range of levels (27) . The concentration of serum K1 that is considered sufficient has not been defined. Although 0.5 nmol/L is reported to be the lower limit of normal (36) , it has been suggested that a concentration $1.0 nmol/L is associated with lower risk of chronic diseases for which a role for vitamin K is suggested (14) . We repeated our analysis using these thresholds for low serum K1 and the results were not substantively changed. Currently, there is no biomarker of vitamin K nutrition that has a demonstrated dose-response risk for a chronic disease other than coagulation time for coagulation abnormalities. Therefore, the dietary requirements for vitamin K, particularly as they relate to extra-hepatic tissues, are not yet established (37) . It is plausible that optimal serum K1 concentrations needed to be sufficient for physiological functions of vitamin K differ by race and ethnicity. This would need to be confirmed in larger clinical trials, with measurements of biomarkers of vitamin K function, such as the degree of carboxylation of osteocalcin or other extra-hepatic vitamin Kdependent proteins. Undercarboxylated osteocalcin (considered a functional measure of vitamin K status of bone) is reported to differ between ethnic groups in between-country comparisons (10, 11) . Furthermore, other forms of vitamin K exist, such as menaquinone (vitamin K2). Menaquinones 4-10 [which are found in smaller amounts in meats and dairy-based foods (38)] do not appear to have an important role in the typical U.S. diet (17) but may be present in different amounts in diets consumed by certain racial and ethnic groups. Although inclusion of additional vitamin K measures in MESA would have provided further insight into racial and ethnic differences in vitamin K status in the US, K1 is the primary dietary form of vitamin K and circulating K1 is considered a global indicator of vitamin K status. As novel roles for K1 and menaquinones are emerging, examining whether or not different forms of vitamin K vary by race and ethnicity merits future study. The correlation between circulating K1 and K1 intake among whites in MESA was modest but similar to what has been reported using a single blood draw and adjusted for TG in other Caucasian adults (28, 35) , suggesting it may be a suitable for ranking white adults according to K1 intake. The FFQ appeared to be less accurate in estimating K1 across other racial and ethnic groups. However, our primary aim was not to describe racial and ethnic differences in K1 intake and we acknowledge that vitamin K intake may have accounted for more of the variability in serum K1 if a more precise dietary measure was available. Dietary assessment tools that estimate vitamin K intake across different ethnic groups need to be developed and validated. Compared with other population-based studies of nutrient biomarkers (39) (40) (41) (42) (43) , our sample size was modest. There were fewer Chinese American participants compared with the other groups and a disproportionate number of participants excluded due to incomplete data were African American. This is the first report to our knowledge that the circulating K1 concentrations differ by race and ethnicity among adults living in the United States, especially among persons of Chinese American descent. Racial and ethnic differences in serum K1 persisted after adjustment for K1 intake, suggesting the differences we observed were not entirely dependent on dietary intakes. As novel roles for vitamin K in health and disease are emerging (12) , the racial and ethnic differences in serum K1 we found may have implications for the design and interpretation of intervention studies focused on health-outcomes related to vitamin K. The extent to which the differences in circulating K1 influence racial and ethnic differences in vitamin K-related health outcomes merits future investigation.
